Transgenic expression of the inf luenza virus hemagglutinin (HA) in the pancreatic islet ␤ cells of InsHA mice leads to peripheral tolerance of HA-specific T cells. To examine the onset of tolerance, InsHA mice were immunized with inf luenza virus A͞PR͞8 at different ages, and the presence of nontolerant T cells was determined by the induction of autoimmune diabetes. The data revealed a neonatal period wherein T cells were not tolerant and inf luenza virus infection led to HA-specific ␤ cell destruction and autoimmune diabetes. The ability to induce autoimmunity gradually waned, such that adult mice were profoundly tolerant to viral HA and were protected from diabetes. Because cross-presentation of islet antigens by professional antigen-presenting cells had been reported to induce peripheral tolerance, the temporal relationship between tolerance induction and activation of HAspecific T cells in the lymph nodes draining the pancreas was examined. In tolerant adult mice, but not in 1-week-old neonates, activation and proliferation of HA-specific CD8 ؉ T cells occurred in the pancreatic lymph nodes. Thus, lack of tolerance in the perinatal period correlated with lack of activation of antigen-specific CD8 ؉ T cells. This work provides evidence for the developmental regulation of peripheral tolerance induction.
Although many potentially autoreactive T cells are eliminated during development in the thymus (1-3), additional mechanisms of tolerance appear to be necessary to minimize T cell responses against antigens expressed uniquely in the periphery. Approaches that have been used to study peripheral tolerance have relied on T cells from T cell antigen receptor (TCR) transgenic mice that are specific for defined epitopes, or T cells specific for superantigen to investigate the fate of mature T cells when they first encounter antigen in the periphery (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In general, it has been observed that cells initially undergo activation and several rounds of division, which is soon followed by their elimination or anergy. The cells responsible for initial stimulation are not represented by parenchymal tissue, but rather, are professional bone marrowderived antigen-presenting cells (APC). This type of abortive stimulation is true for both class I and class II restricted epitopes that are presented to CD8 ϩ and CD4 ϩ T cells, respectively (14, 15, (18) (19) (20) (21) (22) .
In several models in which a transgene product is expressed in the pancreatic islets under the control of the insulin promoter, it has been demonstrated that tolerance occurs after T cells become activated in the pancreatic lymph nodes by APC that cross-present antigen (11, 12, 14) . Previous studies have demonstrated that activation through cross-presentation is inefficient during the perinatal period (23, 24) . If crosspresentation is necessary for tolerance induction, then neonatal would suggest neonatal mice may not exhibit tolerance of peripherally expressed antigens.
In this study we have used mice that express the influenza virus hemagglutinin (HA) as a transgene product in the pancreatic islets (InsHA mice, ref. 25) to determine when peripheral tolerance first occurs. In this transgenic model K d HA-specific thymocytes develop normally and are unaffected by the presence of the HA transgene (26) . However, the adult peripheral T cell repertoire is profoundly tolerant of HA antigens, inasmuch as immunization with influenza virus does not cause autoimmune destruction of the islet ␤ cell. The HA-specific CD8 ϩ T cells that can be recovered from these mice demonstrate low avidity for the dominant K d HA epitope (27) . It was further demonstrated that peripheral expression of HA in the pancreas was necessary and sufficient to achieve tolerance, as InsHA mice that were irradiated, thymectomized, and then reconstituted with bone marrow and a thymus from conventional nontransgenic littermates also demonstrated tolerance of HA (25) . Thus, InsHA mice represent a unique model with which to explore the ontogeny of peripheral tolerance.
MATERIALS AND METHODS
Mice. BALB͞c mice were purchased from the breeding colony of The Scripps Research Institute (La Jolla, CA). InsHA transgenic mice (25) and clone-4 TCR transgenic mice (26) were generated and characterized as described, and each line was backcrossed at least eight generations with BALB͞c. All mice were bred and maintained under specific pathogenfree conditions in The Scripps Research Institute vivarium. All experimental procedures were carried out in strict accordance with the guidelines laid out in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Virus. Influenza virus A͞PR͞8͞34 H1N1 (PR8) and recombinant equine influenza virus A͞PR͞8 H3N1 (EqPR8) (28) were grown in the allantoic cavity of 10-to 11-day-old hen's eggs. After isolation, the allantoic fluid was titered for hemagglutination by using chicken RBC and later stored in 1-ml aliquots at Ϫ70°C. Wild-type vaccinia virus (Vacc-WT) and recombinant vaccinia virus expressing the H-2K The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Preparation of Clone-4 TCR Cells. Single-cell suspensions were prepared from the lymph nodes cells of clone-4 TCR mice. Purified CD8 ϩ clone-4 TCR cells were prepared as follows: 10 8 clone-4 TCR lymph node cells were loaded on to a nylon wool column (Wako Chemicals, Richmond, VA), presoaked for 1 hr at 37°C in RPMI medium 1640 containing 10% (vol͞vol) FCS, 25 mM Hepes, 2 mM glutamine, 5 ϫ 10 Ϫ5 M ␤-mercapto-ethanol, and 50 mg͞ml of gentamycin (complete RPMI), and incubated for an additional 1 hr at 37°C in a humidified incubator with 5% (vol͞vol) CO 2 . Cells were eluted from the column with 15 ml of complete RPMI. After centrifugation 1 ml of anti-heat stable antigen (J11D), anti-CD4 (RL172), and anti-MHC class II (CA4͞A12) antibody supernatants was added per 10 7 cells, and the mixture was incubated on ice for 1 hr. Cells then were centrifuged, and the antibody was discarded, resuspended in Low-Tox Rabbit complement (Accurate Chemicals), and incubated for an additional 1 hr at 37°C. Cell then were washed three times in complete RPMI. The purity of CD8 ϩ cells was determined by incubating 10 6 cells for 20 min on ice with FITC-conjugated and phycoerythrin-conjugated antibodies against mouse CD8 and CD4, respectively (PharMingen). Cells were washed three times in PBS containing 0.1% (wt͞vol) BSA (Sigma), and 0.02% (wt͞vol) sodium azide. Cells were analyzed with a FACScan and CELLQUEST software (Becton Dickinson), and the purity of CD8 ϩ cells was found to be greater than 85% in all cases.
5,6-Carboxy-Succinimidyl-Fluorescein-Ester (CSFE) Labeling of Clone-4 TCR CD8 ؉ T Cells. Purified clone-4 TCR CD8
ϩ T cells were resuspended at 5 ϫ 10 7 cells͞ml of PBS. To these cells was added 2 l of a 5 mM solution of CSFE (Molecular Probes) in DMSO (Sigma) per ml of cells and incubated for 10 min at 37°C. Cells were washed once in cold PBS, and then resuspended at 2.5 ϫ 10 7 cells͞ml of complete RPMI. The uptake of CSFE was determined before transfer by comparing their fluorescence in the FL1 channel with that of unstained cells. Importantly, all manipulations with CSFE were carried in such a way as to minimize exposure to light (29) .
Adoptive Cytometry. CSFE-labeled clone-4 CD8 ϩ T cells were detected by staining with phycoerythrin-conjugated anti-CD8 antibodies (PharMingen).
Immunohistochemistry. Pancreata were excised and embedded in 10% (vol͞vol) formalin solution (Sigma) and processed for paraffin embedding. Paraffin-embedded tissue was cut by using a microtome, and sections were placed onto saline-coated Superfrost slides for processing (Fisher Scientific). Tissue sections were deparaffinized in xylene and rehydrated in graded ethanol to distilled water. Nonspecific binding sites were blocked by incubating with 10% (vol͞vol) goat serum in PBS. Sections were incubated for 1 hr with guinea-pig antibodies against mouse insulin (Dako). After washing for 10 min in PBS, sections were incubated with secondary biotinylated F(abЈ)2 goat anti-guinea-pig IgG (Vector Laboratories), and then detected by using streptavidin-conjugated horseradish peroxidase (Jackson ImmunoResearch), together with diaminobenzidine chromagen. Separate serial sections of paraffin-embedded tissue also were stained with eosin (Sigma), and all slides were counterstained with Mayer's hematoxylin (Sigma).
RESULTS AND DISCUSSION
To investigate the onset of peripheral tolerance induction, InsHA neonates of different ages were immunized with PR8, which expresses the homologous HA protein, or a recombinant strain of PR8 that expresses an immunologically noncross reactive HA from EqPR8 (28) . Viral immunization is known to prevent peripheral tolerance and would be able to stimulate newly matured HA-specific T cells that had not yet been tolerized (16) . Therefore, if nontolerized T cells were present in the periphery, the mice should develop autoimmune diabetes. Animals were monitored for the development of insulitis and incidence of diabetes (Table 1) .
One-week-old InsHA mice immunized i.p. with PR8 developed lethal autoimmune diabetes, which was characterized by a massive cellular infiltration of the pancreas, containing large numbers of CD8 ϩ and CD4 ϩ lymphocytes, causing a destructive insulitis in 100% of these mice (Fig. 1A) . Age-matched InsHA mice that were immunized with EqPR8 did not develop diabetes or insulitis (Fig. 1B) . This finding indicated that autoimmunity occurred only if the virus-activated T cells that specifically recognized the HA molecule were present in the islets. It also confirms the effective expression of HA at this early age. Immunization of 2-and 4-week-old mice resulted in a temporary diabetic state in 50% of the mice by 9 days after infection, although extensive insulitis and destruction of pancreatic islet ␤ cells were evident in virtually all mice at this time ( Fig. 1 C and D, respectively) . Of interest, by 21 days after infection, the severity of the insulitis in these mice had diminished significantly and they were no longer diabetic. Insulitis was, however, still evident in both the 2-and 4-weekold mice (Fig. 1 F and G, respectively) . In contrast, PR8-immunized 8-week-old adult mice did not develop diabetes, exhibiting a mild peri-insulitis in a small proportion of the islets that was not associated with ␤ cell destruction (Fig. 1E) . By 21 days after infection the degree of insulitis had resolved such that fewer than 10% of the islets had infiltrates (Fig. 1H) . Thus, newborn and 2-to 4-week-old InsHA mice demonstrated a greater potential than 8-week-old mice for developing autoimmunity toward ␤ cell-expressed HA. Parenthetically, it is important to note that adult pancreas is susceptible to autoimmune destruction. Influenza virus infection of InsHA mice that received T cells from conventional mice, or as few as 10 (27) . These pups devel- Groups of between 6 and 8 InsHA mice of various ages were immunized with virus as shown. Data show the incidence of diabetes and degree of insulitis observed in pancreata take from immunized mice. Data are expressed as the percentage of the total number of islets examined from all mice in each group, 9 days and 21 days later. Mice were considered diabetic if their blood glucose was above 300 mg͞dl. ND, not determined. 4-week-old mice 9 days after immunizing with PR8, both show considerable insulitis and ␤ cell destruction (arrows). Mice from the same groups, 2 weeks old (F) and 4 weeks old (G), 21 days after immunization. The extent of insulitis and ␤ cell destruction is less at this time (arrows). (E) Representative of the most severe insulitis demonstrated in 8-week-old adult mice 9 days after immunization with PR8. Only a mild peri-insulitis is observed that is not associated with any ␤ cell destruction (arrows). (H) Representative of Ͼ90% of islets from these same adults 21 days after immunization. They are intact and express high levels of insulin. Magnifications: A, ϫ100; B, D, and H, ϫ400; C and E-G, ϫ200. oped diabetes within 1 week, whereas 1-week-old control mice given wild-type vaccinia virus (Vacc-WT) remained healthy, (Table 1) . By using TCR transgenic T cells specific for transgene products expressed in the pancreatic islets, it has been shown that T cells become activated and proliferate when they encounter antigen that is cross-presented by APC in the draining nodes of the pancreas. In each case, activation was followed by deletion (11, 14) , suggesting such activation was critical to tolerance induction. To determine whether a similar mechanism of activation occurred in the draining nodes of the pancreas in InsHA mice, purified clone-4 TCR transgenic CD8 ϩ T cells were labeled with the internal fluorescent dye CSFE (12, 29) , and 5 ϫ 10 6 cells were transferred into both InsHA-negative and InsHA-positive mice. When CSFElabeled cells divide, the intensity of their fluorescence is halved with each successive cell division forming a series of fluorescence peaks that correspond to the number of divisions the cells have undergone. Seventy-two hours after transfer the mice were sacrificed and populations of T cells were prepared from the peripheral lymphoid organs (Fig. 2) . Examination of adult recipients revealed that only among cells recovered from the draining lymph nodes of the pancreas of InsHA-positive mice was there any evidence of proliferation (Fig. 2F) . Indeed, some of the CSFE-labeled cells had undergone at least five rounds of division. Cells that had undergone division were not found in the other peripheral lymph nodes (Fig. 2E ) nor in the spleen (Fig. 2D ) of the InsHA-positive mice. CSFE-labeled cells did not proliferate in any of the lymphoid organs examined from recipients that did not express HA (Fig. 2 A-C) , and there were fewer CSFE positive cells present in the pancreatic lymph nodes of the InsHA-negative recipients. These results indicated that at any given time a proportion of the clone-4 TCR cells that migrate to the pancreatic lymph nodes of InsHA mice become activated and proliferate. Surprisingly, histological examination of the pancreas revealed no evidence of lymphocyte infiltration, or islet cell damage at either 3 days or 9 days after adoptive transfer of clone-4 TCR cells (data not shown).
To determine whether such activation and proliferation of K d HA-specific CD8 ϩ T cells also occurs in the pancreatic lymph nodes of the neonate, CSFE-labeled purified clone-4 TCR CD8 ϩ cells were injected i.p. into 5-day-old InsHApositive mice. Animals were sacrificed at 72 hr, and the pancreatic draining lymph node was analyzed for evidence of T cell proliferation. In contrast to the adult InsHA mice, in which CSFE-labeled clone-4 cells proliferated in the pancreatic lymph nodes, cells did not proliferate in either the spleen or the pancreatic nodes of neonatal InsHA mice (Fig. 2 G and  H) . These results demonstrate the inability of an isletexpressed antigen to activate naive CD8 ϩ T cells in neonates.
Previous studies have shown that activation of islet-specific CD8 ϩ T cells occurs in the draining lymph nodes of the pancreas as a result of cross-presentation of islet antigens by professional APCs (12, 14) . We have not formally demonstrated that activation of clone-4 CD8 the islets of InsHA mice. Given these results, as well as previous reports that demonstrated lack of cross-presentation in neonatal mice (11, 24, 31) , the most likely explanation for the lack of tolerance is a lack of cross-presentation of islet antigens in the neonatal period.
Importantly, the data indicate that there is no premium placed on the need for peripheral tolerance in the perinatal period. There may be little danger of autoimmunity until cross-presentation becomes more efficient through further development of APC function (23, 24, 31, 32) or increased levels of expression of peripheral antigens (33) . In conclusion, these studies demonstrate that the early neonatal period allows for the accumulation of potentially autoreactive T cells. Depending on the availability of antigen, some of these cells are later functionally eliminated by peripheral tolerance (33) . This study provides insights into how the immune system may control responses to developmentally regulated antigens such as those associated with puberty or lactation. Furthermore, these data raise the question of whether lack of crosspresentation during the juvenile period may explain vulnerability to some autoimmune diseases, such as type I diabetes.
